Abstract-In several applications involving haptic interfaces it can be desirable to scale the interaction force perceived by the user. The most intuitive approach is to change the stiffness of the virtual environment but, unfortunately, changing the physical parameters that characterize a virtual environment is a potentially destabilizing action. In this paper we embed in the intrinsically passive haptic scheme recently proposed in [1] a power scaling interconnection that allows to scale the force perceived by the user while preserving the passivity, and consequently the stable behavior, of the overall system.
I. INTRODUCTION
Haptic interfaces allow a user to interact with a simulated virtual environment by means of a robotic device. These interfaces have been exploited in many application domains as for example for practicing surgical procedure on virtual patients, for virtual training and for virtually designing and testing mechanical parts. Haptic interfaces can be also used to assist the user in the execution of a given task. Virtual fixtures, introduced in [2] , are perceptual overlays that help the human operator to execute a task with the required degree of precision. In other words, a virtual fixture is a simulated constraint that guides the user over a preferred path enhancing its tracking performance. They have been used for increasing the precision and/or the speed in path following and in positioning tasks [3] , for training [4] and for improving performances in telemanipulation tasks [2] , [5] . Virtual fixtures can be interpreted as virtual environments, characterized by a certain stiffness, with which the user is interacting during the execution of a task and which influence the operator's natural behavior by assisting him/her. Nevertheless, as pointed out in [6] , by constraining the user's motion, a virtual fixture also limits the user's control over a given task. The authors point out that, because of an error in the design phase, it is possible that the fixture is misplaced and that therefore it may have a negative effect on the task execution. Furthermore, it may happen that there are certain regions where the user wants to defy the virtual fixture in order either to avoid an area or to reach a position that is not on the path marked by the fixture. It is then necessary to be able to scale the force imposed by the virtual constraint on the user in order to increase the level of user's control over the task and in order to allow him/her to reach off-fixture targets. In [6] impedance fixtures are considered and the force scaling issue is addressed by changing the stiffness of the virtual constraint; several algorithms for varying the stiffness are considered and compared experimentally.
An haptic interface is an interactive robotic system and, therefore, stability is a key issue since both oscillations and unstable behaviors can lead to unnatural feedback from the virtual environment. Passivity has been widely used as a guideline for designing haptic interfaces characterized by a stable behavior and several control strategies for guaranteeing the intrinsic passivity of an haptic interface have been proposed in the literature as for example the virtual coupling [7] and the PO/PC strategy [8] .
When using an intrinsically passive haptic interface any non passive operation during the execution of the task should be avoided in order to preserve a stable behavior. Thus, while a virtual fixture characterized by a certain stiffness can be passively implemented, changing the stiffness of a virtual environment is a non-passive operation. In fact, consider for example a 1-DOF linear spring with stiffness k > 0 and kept at a constant elongation x > 0. The energy of the spring in this configuration is given by H 1 = 1/2kx 2 and if we change the stiffness to a value k 1 > k the energy stored is now given by H 2 = 1/2k 1 x 2 > H 1 and, therefore, by changing the stiffness we introduced an extra energy amount equal to H 2 − H 1 . This injection of extra energy can give rise to regenerative effects that can make the interaction with the virtual environment unstable. For further details and the treatment of the general case see [9] .
In [6] , it is reported that the users have some difficulties in using the system when they have to go back to the virtual constraint from the off fixture target, namely when the stiffness of the virtual environment they are interacting with increases; we think that this is related to the regenerative, non passive, effect associated to the stiffness increase. An haptic interface can be modeled as the energetic interconnection of four systems as shown in Fig. 1 where bond-graph notation has been used (the double band on the bond indicates that the "virtual" energetic exchange is in the discrete domain). Both the human operator and the haptic device are passive systems while some extra energy injection can derive both from the Sample & Hold procedure (SH in Fig. 1 ) and from Fig. 1 . Energetic representation of a haptic display the simulation of the discrete virtual environment. In [1] a new approach for the implementation of an haptic interface has been proposed. The authors have implemented in a passive way each possible source of energy. First, a Sample & Hold algorithm which preserves passivity has been introduced. By means of this algorithm, it is possible to connect a continuous and a discrete system without the production of any extra energy. In order to be able to represent any passive physical system, the port-Hamiltonian formalism [10] has been adopted to represent virtual environments and a passivity preserving discretization algorithm has been introduced. Having implemented any possible source of extra energy in a passive way, it has been possible to obtain a passive haptic interface by interconnecting in a power preserving way [10] each component represented in Fig. 1 . The goal of this paper is to replace the SH strategy proposed in [1] , that allows a lossless energy transfer between the haptic device and the virtual environment, with the power scaled interconnection proposed in [11] . We will prove that in this way it is possible to scale both the velocity imposed by the user and the force transmitted by the virtual environment without affecting the passivity of the overall scheme. In fact, in this way force scaling doesn't derive from an alteration of the physical properties of the virtual environment but from the interposition of a tunable layer, whose behavior doesn't affect the passivity of the overall system, between the haptic device and the virtual environment. Using the proposed strategy it is possible to scale the feeling perceived by the user while preserving a stable behavior of the system; in particular, it is possible to scale the constraining effect of a virtual fixture in a safe, intrinsically stable way.
The paper is organized as follows: in Sec. II we will give some background on port-Hamiltonian systems and on the scheme proposed in [1] and in Sec. III we will introduce the power scaled interconnection and we will prove that it is possible to passively scale the interaction with the virtual environment. In Sec. IV we will show that, under suitable conditions, it is possible to implement a time-varying scaling while preserving the passivity of the overall scheme. In Sec. V we will provide some simulations in order to validate the results obtained in the paper and in Sec. VI some conclusions are reported and future work is addressed.
II. BACKGROUND

A. Port-Hamiltonian systems
We can consider a port-Hamiltonian system as composed of a state manifold X , an energy function H : X → corresponding to the internal energy, a network structure
T whose graph has the mathematical structure of a Dirac structure( [10] ), which is in general a state dependent power continuous interconnection structure, and an interconnection port (power port) represented by a pair of dual variables (e, f ) ∈ V * × V called effort and flow respectively. This port is used to interact energetically with the system. The power supplied through a port is equal to e(f ) or using coordinates to e T f . We can furthermore split the interaction port in more sub-ports, each of which can be used to model different power flows. We will indicate with the subscript I the power ports by means of which the system interacts with the rest of the world, with the subscript C the power ports associated with the storage of energy and with the subscript R the power ports relative to the dissipative part. Summarizing, we have:
⎛
A dissipating element of the system can be modeled using as characteristic equations e R = R(x)f R with R(x) a symmetric and positive semi-definite matrix. If we furthermore setẋ = f C and e C = ∂H ∂x , due to the previous power balance we obtain:
which clearly says that the supplied power e T I f I equals the increase of internal energy H plus the dissipated one and that, therefore, a port-Hamiltonian system is passive. For further details the reader is addressed to [10] . A very broad class of physical system can be modeled as a port-Hamiltonian system and therefore this formalism can be successfully used to describe both linear and nonlinear environments. In the development of haptic interfaces is necessary to find a discrete time representation of a physical system which has to be simulated as virtual environment. Unfortunately, passivity is not preserved using standard discretization techniques and, therefore, it can happen that the discrete counterpart of a passive system becomes active and, therefore, characterized by an unstable behavior.
A port-Hamiltonian system can be passively discretized using the algorithm proposed in [1] . In this case the following discrete power balance holds:
where H(x(k)) is the discrete energy function, T is the sample period, (e R (k), f R (k)) and (e I (k), f I (k)) are the discrete power ports associated to the dissipation and to the interaction with the rest of the world respectively and ΔH(k) = H(x(k+ 1)) − H(x(k)). For further details the reader is referred to [1] .
B. Port-Hamiltonian Haptics
In order to let the user to interact with the virtual environment it is necessary to couple a continuous haptic device with a discrete port-Hamiltonian system describing a virtual environment. Using standard sample and hold techniques, some regenerative, destabilizing effects, can be introduced in the haptic interface. In [1] a simple algorithm to guarantee a
The interconnection of discrete and continuous port-Hamiltonian systems lossless exchange of energy between a physical device and a virtual environment has been introduced. Consider the port interconnection of a continuous time Hamiltonian system H C and a discrete Hamiltonian system H D through a sampler and zero-order hold as shown in Fig. 2 .
Suppose that H C has an admittance causality (effort in/flow out) and that, therefore, H D has an impedance causality (flow in/effort out). We will have that:
The following theorem can be proven [1] :
where q(·) represents the integral of the continuous flow, we obtain an equivalence between the continuous time and discrete time energy flow in the sense that for each n:
From the previous considerations, it is possible to understand that at each sampling time, we have an EXACT matching between the physical energy going into the continuous time system and the virtual energy coming from the discrete time port. Notice that in haptic interfaces the variable q(·) corresponds to the position of the haptic device. Thus, a generic haptic interface can be modeled as the passive interconnection of a continuous port-Hamiltonian system, representing the haptic device, and of passive discrete portHamiltonian system. The overall system is passive and therefore characterized by a stable behavior.
III. POWER SCALING IN PORT-HAMILTONIAN BASED HAPTIC INTERFACES
In this section we consider port-Hamiltonian based haptic interfaces and we will prove that it is possible to scale the feeling of interaction with the virtual environment perceived by the human operator while preserving the passivity, and, therefore, the stable behavior, of the overall system. We will use the following notation for the discrete derivative and the discrete integral:
where g is a generic sequence.
Since the haptic device and the virtual environment are passive systems the following energy balances hold:
and
) = 0, namely that at the beginning the haptic device is at rest and that the virtual environment is at equilibrium. Furthermore, when using the interconnection strategy reported in Sec. II-B we have that the following balance holds:
which says that at any sampling instant the energy extracted by the continuous haptic device is supplied to the virtual environment and viceversa and,therefore, that no extra energy is produced in the interconnection. Scaling the interaction means to scale the exchange of energy between the haptic device and the virtual environment which, on its turn, means scaling the effort and the flow exchanged between the device and the virtual environment. Thus, we propose to use the following power scaled sample and hold strategy:
where α and β are factors that allow to scale the interaction of the user with the environment. If we are interested in scaling only the force transmitted to the user (as in the case of virtual fixtures studied in [6] ) we can set α = 1 and tune β for achieving the desired force scaling. Using this interconnection, we have that
which means that the energy extracted by the virtual environment is scaled and supplied to the haptic device. Thus, the exchange of energy with the virtual environment is perceived by the user scaled by a factor 1/αβ. Thus the interconnection strategy reported in Eq. (7) is not passivity preserving because, in general, the power extracted from one side can be amplified and supplied to the other side, leading to a production of energy. Nevertheless, the following result can be proven: Proposition 1: If the haptic device is a passive system, if the virtual environment is rendered as a discrete passive system and if the interconnection between the continuous and the discrete part is made through the Sample and Hold strategy reported in Eq. (7), then the overall system is passive. Proof. Since the haptic device and the virtual environment are passive systems, both Eq.(4) and Eq.(5) hold and, consequently, for each sampling instant we have that:
Since the interconnection between the haptic device and the virtual environment is made through Eq. (7) we have that, using Eq. (8):
Using Eq. (10) in Eq. (9) 
which proves that the system is passive with respect to the storage function
The scaled interconnection is NOT a passive element but, nevertheless, it can be safely used in the implementation of an haptic interface. This happens because the effect of the scaling is to "mask" the virtual environment and to make it appear to the human operator as if it acted at a different power scale transmitting, in particular, to him/her a scaled force. However, this amplification/attenuation of the power transmitted does NOT modify the kind of dynamic behavior of the virtual environment which keeps on being passive. Changing the stiffness of the virtual environment, instead, deeply influence the kind of dynamic behavior of the virtual environment and the passivity of the overall haptic interface cannot be guaranteed anymore.
IV. VARIABLE SCALING
An abrupt change in the perception of the virtual environment can disturb the user and therefore, as suggested in [6] for virtual fixtures, a gradual attenuation of the scaling has to be preferred. Thus, it is necessary to consider variable factors that gradually scale the interaction with the virtual environment.
In other words, we should use the following variable power scaled sample and hold interconnection:
where α(k) and β(k) are the bounded scaling factors and
In this case, the effect of the power scaling interconnection is no more static and, therefore, the variation of α and β can introduce some dynamic effects which could destroy the intrinsic passivity of the haptic interface. Luckily, if some not very restrictive conditions on the kind of virtual environment are satisfied, we can still preserve the passivity of the overall scheme.
The following lemma will be useful in the following:
and let γ : R → R + be a scaling function such that
Suppose that the function f (·) has a finite number of critical points, namely that its derivative changes sign a finite number of times. Then
is lower bounded.
If sign(ḟ (t)) = 0 then t1 t0
Every interval [0, t] can be split up in the following way
where
and where sign(ḟ (t)) = const. ∀t ∈ [0, t 1 ]. Let Γ be defined as:
Thus we can write
) f (t i ) and f (t j ) are finite since they are critical points. Furthermore, because of the hypothesis, p < ∞ and n < ∞ and therefore the sums are finite and consequently the integral is lower bounded. Thanks to the lemma it is possible to build interfaces where the haptic flow can be variably scaled. In fact we can prove the following result:
Proposition 2: Consider the scheme reported in Fig. 1 and suppose that the Sample & Hold strategy is implemented through the strategy reported in Eq.(13). Suppose that the energy function that characterizes the virtual environment has a finite number of critical points. Then the overall haptic interface is passive.
Furthermore we have that
where 
Summing over i = 0, 1, . . . , n − 1 we have that
H c is a lower bounded function and, since H d (·) has a finite number of critical points and since γ(i) is a bounded positive function, a straightforward application of the discrete version of Lemma 1 allows to conclude that alsoH d (·) is lower bounded. Thus, the energy balance reported in Eq. (28) proves that the overall system is passive.
Remark 1:
The assumptions made by the lemma are not very restrictive and they are satisfied by the majority of energy functions associated to the virtual environments that are simulated in haptic interfaces. Nevertheless, they are necessary. In fact, we can passively simulate a physical environment characterized by an energy function H(x) = sin(x) but in case of variable scaling, this virtual environment would lead to an unstable interaction.
If the conditions reported in Proposition 2 are satisfied, it is possible to use the interconnection reported in Eq.(13) for changing the perception of the virtual environment at each instant while preserving passivity, and consequently a stable behavior, of the overall system.
V. SIMULATIONS
The aim of this section is to provide some simulations in order to validate the results obtained in the paper.
We consider a 1-DOF intrinsically passive haptic interface. The haptic device is a simple mass of 1 Kg characterized by some friction that is modeled as a viscous friction with coefficient b = 0.1 Ns/m. The virtual environment is the discrete equivalent of a spring, that is obtained by the passivity preserving discretization algorithm described in Sec. II-A and it is joined to the haptic device through the interconnection strategy reported in Eq.(13). The overall system is passive and, therefore, it is characterized by a stable behavior.
We suppose that the virtual environment plays the role of a very simple 1-DOF virtual fixture that constrains the user at x = 0 m and that the stiffness of the virtual fixture has been set to a small value (10 N/m) to allow the user to easily reach off-fixture configurations. In order to take back the user to the fixture position, it is necessary to scale the force transmitted to the user. In order to show its effectiveness, we will compare the scaling strategy proposed in the paper with the effect that would be obtained by directly changing the stiffness of the virtual environment. Thus, suppose that the the user is keeping the haptic device at the position x 0 = 1 m applying the relatively small force F = 10 N . At time t = 10 s, the user has to be taken back to the fixture position (x = 0 m) and, therefore, the force applied from the virtual environment has to be scaled. In order to test the effect of the change of stiffness, we don't introduce any scaling between the haptic device and the virtual environment and, therefore, we use the lossless interconnection described in Sec. II-B.
In Fig. 3 the stiffness is changed linearly from 10 N/m to 400 N/m, corresponding to scaling the force perceived by the user of a factor 40; the overall behavior is unstable. The instability is related to the variation of the stiffness, which introduces energy into the system and which consequently breaks the passivity. In the next simulation we don't change the stiffness of the virtual fixture but we scale the force transmitted to the human using the strategy proposed in this paper. Since we are interested in scaling only the force, we set α = 1 and we let β changing linearly from the value 1 to the value 1000. The results of the simulation are shown in Fig. 4 . We can see that, even if the force scaling factor is much bigger than that implemented with the stiffness variation, the behavior of the overall system is stable. This happens because the force scaling is achieved without violating the passivity and the conditions of Proposition 2 are satisfied.
VI. CONCLUSIONS AND FUTURE WORK
In this paper we have considered the port-Hamiltonian based intrinsically passive haptic control scheme and we have shown how it is possible to embed both velocity and force scaling while preserving the passivity, and therefore a stable behavior, of the overall system.
The key feature of the intrinsic safety of our approach relies in recognizing that changing the physical characteristics of the virtual environment modifies drastically the dynamic behavior of the system and it can lead to a regenerative effect that destroys the passivity and that can lead to unstable behaviors. Using the scaled interconnection proposed in the paper, we don't change the kind of dynamic behavior of the virtual environment but we simply "mask" the perception transmitted to the user; this guarantees that the passivity of the overall system is preserved.
Future work aims at experimentally validating the results of the paper and at extending the scaling strategy to delayed virtual environment. As proven in [1] , power variables cannot be used to interconnect the haptic device to the virtual environment since the delay would cause a loss of passivity. It is necessary to use scattering variables. Thus, the scaled interconnection reported in Eq.(13) does not guarantee the passivity anymore and, therefore, the scaling should be reformulated using scattering variables.
